We have studied the mechanisms of giant resonance in 4d photoionization of Eu atoms by density functional theory with the optimized effective potential and self-interaction correction method. The dynamic electron correlation is taken into account by the linear density response method. Our calculated photoionization cross sections in the giant resonance region are in good agreement with experimental measurements. Since Eu is a highly spin polarized system, by decomposing the contribution of 4d electrons in spin-up and spin-down states, we clearly identified that the strong asymmetry line profile of the giant resonance is due to a broad resonance of 4d spin-down electrons interaction with a sharp resonance of 4d spin-up electrons.
Introduction
Giant resonances in rare-gas photoionization processes have been a subject of interest for a long time [1, 2] . The broad resonance of 4d electron photoionization cross section for rare-gas atoms can be explained as being due to the electron-electron dynamic correlation and the double-well potential for the final f partial wave [2] [3] [4] . The giant resonance can be predicted even in an independent-particle approximation (IPA) due to the double-well structure of the final f partial wave [5, 6] . The giant resonance width and position cannot be predicted precisely in the IPA model since they are related to a more detailed electron-electron dynamic correlation which is ignored in the IPA model. As the ionization degree increases, the evolution of the giant resonance is explained by 'orbital collapse' of the f wave [2, 3] and the resonance structure disappears for highly charged ions [5, 6] . There have also been many experimental studies [1, [7] [8] [9] of the 4d photoionization cross sections for rare-earth atoms. The shape of the giant resonance for rare-earth atoms is different from that of the rare-gas atoms due to the occupation of 4f electrons. The giant resonance shape of the Eu atom is a typical example of the rare-earth atoms since the 4f orbit is half-filled. Experiments [7, 9] show that the width of the giant resonance for Eu atoms is narrower than that of the rare-gas atoms and the line profile of the resonance is strongly asymmetric, similar to the Fano profile [10] of the autoionization state. Such features cannot be understood in the IPA model since no resonance structure is observed in the IPA calculation for Eu atoms. Although the time-dependent local density approximation (TDLDA) has been used successfully to explain the giant resonance for rare-gas atoms [11, 12] , which is a spin-paired system. It is difficult to study the Eu atom by TDLDA since it is a highly spin polarized system. The 4d photoionization cross section of Eu atoms has been studied by many-body perturbation theory (MBPT). The MBPT calculations showed that the 4d 9 4f
cross section [13] . Such MBPT calculated photoionization cross sections are much narrower than those observed experimentally [7, 9] . To investigate the detailed mechanisms of the giant resonance in the 4d photoionization process of Eu, we have performed a theoretical investigation of the photoionization process for Eu 4d electrons using the time-dependent local spin density approximation method (TDLSDA) with an optimized effective potential and self-interaction correction [14] . The calculated results are in good agreement with the experimental observations [7, 9] . Furthermore, by decomposing the contribution of spin-up and spin-down electrons, we identified that the strong asymmetry of the giant resonance is due to the interaction of a broad resonance of 4d spin-down electrons with a sharp resonance (quasibound state) of 4d spin-up electrons. Here, we suppose that the half filled 4f electrons are in the spin-up orbit. Such an interaction mechanism is similar to the bound-continuum interaction which results in the lineshape of the Fano profile [10] . The width of the autoionization state, which is due to a bound state (with 'zero' width) interacting with a continuum state, is of the order of meV. While the width of the giant resonance of Eu, which is due to a quasi-bound state (with a width of eV) interacting with a continuum state, is of the order of 10 eV. We will give a brief description of our theoretical method in section 2, and present our results and a discussion in section 3.
Theoretical method
The photoexcitation or photoionization cross sections from an initial state |is to a final state |js can be expressed as (atomic units withh = m = e = 1 are used throughout unless explicitly stated otherwise)
where |is and |js are the solutions of the one-electron Schrödinger-like equation
Here V eff s (r) is a spin-dependent effective potential and s, the spin index (spin up ↑ or spin down ↓). For photoionization processes, the final states are unbound solutions of equation (2) with is replaced by 1 2 k 2 , where k is the photoelectron momentum and n is and n js are the occupation number of the initial and final states, respectively. Such an IPA model does not take the electron dynamic correlation into account and the calculated photoionization cross section near the giant resonance cannot fully reproduce the experimental observations [11] . The electron dynamic correlation ignored in the IPA model can be taken into account by linear density response theory [11, [15] [16] [17] [18] , which considers the effect of a weak time-dependent perturbation potential on the electron density. The frequency-dependent induced density δρ(r, ω) can be obtained by the Fourier transformation of the time-dependent field-induced density δρ(r, t):
The induced density is related to an external potential by the following relationship:
where χ(r, r , ω) is the frequency-dependent susceptibility and
is the dipole external potential. The susceptibility can be determined by means of firstorder time-dependent perturbation theory [19] and is expressed in terms of the eigenfunctions {φ is (r)} and eigenvalues { is } of the solutions of equation (2) as
Here iη is an imaginary infinitesimal used to ensure the outgoing wave boundary conditions. The summation over i and j runs over all the bound and continuum states. Since the change of the electron density will result in a local field correction, the effective field or self-consistent field (SCF) V SCF s (r, ω) can be obtained by replacing equation (4) with
We use the IPA potential obtained from density functional theory with an optimized effective potential and a self-interaction correction [14, 20] . With such an IPA potential, V SCF s (r, ω) can be expressed as
Here ρ 0 (r) is the ground-state electron density. The normal procedure is to solve equations (7) and (8) iteratively until convergence is reached. However, an alternative and simpler procedure can be obtained by substituting equation (7) into (8) to obtain
with
The integral equation (9) can now be rewritten as the following linear equation form:
from which V SCF s (r, ω) can be readily solved by discretization of the r-space. Substituting the results of V SCF s (r, ω) into equation (7), we obtain the induced density δρ(r, ω). Finally, the cross section can be obtained by the well known relationship
where α(ω) is the dynamical polarizability given by
The key issue here is how to calculate the susceptibility based on the IPA potential. Since the susceptibility can be written as a summation over all the orbits, we can calculate the contributions of the susceptibility by the Green function method as discussed in [11] . First we rewrite equation (6) as
and then expand the Green function in terms of spherical harmonics,
where L is a compact notation for the angular momentum quantum numbers l and m. The radial Green function G L (r, r ; E) can be determined by
where r < (r > ) refers to the smaller (larger) distance of r and r . j l (r) is the partial-wave solution of equation (2) with energy E and satisfies the proper boundary condition at the origin. Similarly, h l (r) is the partial-wave solution of equation (2) with energy E and satisfies the outgoing boundary condition as r → ∞ for E > 0 or the decaying behaviour solution as
is the Wronskian of j l (r) and h l (r).
With the calculated Green functions, we can construct the susceptibility from equation (14) . Once the susceptibility is determined, V SCF s (r, ω) is obtained by the solution of equation (11) and the cross section can be calculated by equations (12) (r, ω) in equation (13), we reproduce the cross section expression for the independent-particle approximation. The independent-particle approximation, equation (1) , will be referred to as the time-independent method since it does not take into account any time-dependent field-induced density correction.
Results and discussion
Based on the above introduced linear density response method, we have studied the photoionization process of 4d electrons from Eu atoms. For comparison, photoionization cross sections of 4d electrons from Xe atoms are also presented. In the local spin density functional calculation, the half-filled 4f orbit is assigned as a spin-up orbit for the Eu atom. The self-interaction correction is taken into account by the optimized effective potential method [14] . For the convenience of later discussions, we labelled the linear density response results as time-dependent local spin density results. The IPA level calculation labelled as LSDA is also presented for comparison. Figure 1 shows the photoionization cross section of the 4d electron for Eu atoms calculated by TDLSDA and LSDA methods. It is interesting to see that there is no giant resonance in the LSDA calculation. There is a tiny jump near 130 eV, which corresponds to the ionization threshold of 4d spin-up electrons. Considering the linear density response, the TDLSDA result shows a giant resonance. From such results, generally speaking, we can conclude that the giant resonance is due to the electron-electron dynamic correlation which is already known [2] [3] [4] . Here, we want to know about more detailed mechanisms of the giant resonance. Why does the IPA level calculation show a giant resonance for the rare-gas atoms and no resonance for Eu atoms? Why does the giant resonance of Eu show an asymmetric structure? Why is the giant resonance narrower than that of the rare-gas atoms?
To answer these questions, we decompose the detailed contributions of the local field correction in equation (8) into two parts. One is the spin-same contributions which include the Coulomb direct interactions and the exchange interactions, similar to the intra-shell interaction. Another is the spin-different contributions which only include the Coulomb direct interactions. The secondary interaction strength, dependent on the spin energy splitting, is between the intra-shell and inter-shell interactions. In the numerical calculation, we can consider the linear density response of the same spin electrons and turn off the dynamic interaction between the spin-up and spin-down electrons by setting the off-diagonal matrix elements to 'zero' in equation (11) . Figure 2 shows the decomposed results for spin-up and spin-down electrons. It is interesting to see that there is a relatively broad resonance for the spin-down electron and a very sharp resonance for the spin-up electron. The peak positions of the two resonances are separated by 5 eV. When we switch on the interaction between the spin-up and spin-down electrons, due to such a quasi-bound state interaction with a continuum state, the giant resonance is formed with a Fano profile lineshape. Note, the original Fano profile is due to a bound state (with zero width) interaction with a continuum state. The linewidth of autoionization states is of the order of meV. Here, the giant resonance of Eu 4d electrons is due to a quasi-bound state (with a width of eV) interaction with a continuum state. The linewidth of the giant resonance is about 10 eV, which is much larger than that of the autoionization states. Our calculated results of the 4d photoionization cross section are in good agreement with experiment [7, 9] (full circles in figure 2 ). Since it is a relative measurement, we scaled the experimental data to our data. To compare with the experimental data, the photon energy is shifted by 4 eV. (This shift originated from the difference of the calculated 4d binding energy with the exact binding energy.)
We also performed the same calculation for the rare-gas Xe atom as shown in figure 3 . Different from the Eu case, a sharp giant resonance appears even in the LSDA calculation although the calculated shape is quite different from that of experiment [21, 22] . The TDLSDA results show a great improvement. (Note that the photon energy is shifted by 7 eV due to the difference between the calculated binding energy and the experimental one.) Since the spinup and spin-down 4d electrons move in the same effective potential, we only plot the spin-up contribution in figure 3 . The photoionization cross section of the spin-up electron is similar Decomposed photoionization cross sections of 4d electrons from rare-gas Xe atoms. Dotted curve, calculated results from LSDA; long-broken curve, photoionization cross section of 4d spin-up electrons calculated from TDLSDA; full curve, the total 4d photoionization cross section of TDLSDA. The experimental data are from [21] (full circles) and [22] (full triangles).
to the total photoionization cross section in shape, but with a smaller magnitude. The peak of the photoionization is shifted by the interaction of spin-up and spin-down electrons. We do not observe a clearly Fano profile in the photoionization cross section due to the spin-up and spin-down channels being identical. Such results support the above discussion for giant resonance in Eu atoms. Now, we understand that the giant resonance is due to the interaction of 4d spin-up electrons with 4d spin-down electrons. Naturally we will ask why there is a broad resonance for 4d spindown electrons and a sharp resonance for 4d spin-up electrons. Figure 4 shows the optimized effective potential of Eu for spin-up and spin-down electrons in f channels. There exists a potential barrier in the effective potential and this potential barrier prevents the outer electron from penetrating into the inner region near threshold. When the electron energy closes to the resonance energy, the electron can penetrate into the inner region and has a large overlap with the 4d wavefunction. Such a large overlap of the wavefunction will result in a large photo-excitation or photoionization cross sections. For neutral Eu atoms, the potential barrier for the spin-down electron is higher than that of the spin-up electron. This results in a broad resonance in the spin-down electrons which is relatively far from the ionization threshold. The ionization thresholds are indicated by arrows in figures 1 and 2. The potential barrier for the spin-up electron is lower than that of the spin-down electron due to a half-filled 4f orbit. In such a double-well potential, we find the resonance energy to be below the threshold. This explains why we did not observe the resonance structure in the LSDA calculation. Due to the interaction of spin-up (or spin-down) electrons, the resonance state is pushed above the threshold as shown in figure 2 . Furthermore, due to the interaction of this sharp resonance interaction with the broad resonance, the line profile of the giant resonance is formed. Note that the giant resonance position is shifted from the sharp resonance position as we have observed in the auto-resonance calculation of Ne atoms [14] . Finally, the formation of the giant resonance can be explained as: (a) due to the half-filled 4f electron, the effective potential barrier of f partial wave is suppressed (compared with rare-gas Xe atoms) [23] and the resonance states lie below the ionization threshold in the LSDA calculation; (b) due to the electron interaction of the same spin 4d orbit, a sharp resonance is formed above the ionization threshold for the spin-up orbit and a broad resonance is also formed above the threshold for the spin-down orbit; (c) due to the interaction of spin-up with spin-down electrons, a quasi-bound state interacting with a continuum state, a Fano profile is formed. Note that the interaction strength of the spin-up electron with the spin-down electron should be weaker than the interaction of same spin electrons due to the spin energy split. Therefore, based on this formation mechanism, we can explain that for the rare-gas Xe atom, the interaction of the spin-up and spin-down electrons is larger than that of Eu since the spin energy is not split. This will result in a giant resonance with a large width. With filling of the 4f shell (rare-earth atoms Ce, Nd, Sm), the spin energy split of the 4d orbit increases, the width of the giant resonance is getting narrower. The width of the giant resonance is narrowest for Eu due to the half-filled 4f orbit. With filling of the 4f spin-down orbit, the spin-energy split decreases, the width of the giant resonance increases again as shown in the systematic rare-earth atoms experiment [8] .
In summary, we have studied the photoionization process of 4d electrons for Eu by a linear density response method. Our calculated photoionization cross sections are in good agreement with the experiment. Moreover, by decomposing the contribution of the 4d electron in spin-up and spin-down states, we clearly identified the line profile in the giant resonance as being due to the broad resonance of 4d spin-down electrons interacting with a sharp resonance of 4d spin-up electrons.
